The epoxidation process of RBD palm oil was carried out using in situ generated performic acid. 
INTRODUCTION
Currently, plant oils based lubricant are increasingly used in lubricant industry to replace petrochemicals based lubricants due to their depletion at a faster rate, increasing cost of petrochemicals and rising concern for the environmental pollution (Borugadda & Goud 2015 Kotwal et al. 2013) . It is due to plant oils are renewable resources, cheaper, biodegradable and non-toxic, compared to conventional source of petrochemicals. Plant oils itself exhibit good lubrication properties with high viscosity index (Nirmal & Dineshbabu 2015) . However, plant oils have some drawbacks which will restrict their direct application as lubricant. One of the drawbacks is its low oxidative stabilty (Salimon et al. 2011; Wu et al. 2000) due to the presence of bis-allylic protons in plant oils structure which are highly susceptible to free radical attack and therefore undergoes oxidative degradation to form polar oxy compounds (Adhvaryu et al. 2005; Borugadda & Goud 2015; Erhan et al. 2006; Sharma et al. 2007; Singh & Chhibber 2013) . The rate of the oxidation process can be attributed to the numbers of unsaturated fatty acids presence in its composition (Borugadda & Goud 2015 .
This oxidative drawback that incur in the plant oils can be overcome by molecule structural redesign through the chemical modifications. The presence of the double bonds and its reactivity have allowed the functional addition reactions into the unsaturated fatty acids. The epoxidation process is one of the most important functionalization reactions of the double bond to other stable functional groups in order to improve the plant oils oxidative stability (Moser & Erhan 2007; Salimon et al. 2015 Salimon et al. , 2011 . It is also the most widely industrial used process towards highly unsaturated plant oil to increase their industrial usage (El-Adly et al. 2014) . Epoxidised plant oils products from the epoxidation process can be used as high-temperature lubricants (Lathi & Mattiasson 2007; Salimon et al. 2010) , plasticizers (Joseph et al. 2014 ) and high temperature coating materials (Derawi & Salimon 2016) . Recently, palm oil become one of the potential plant oils in order to produce biolubricant base stock (Salimon & Salih 2009; Salimon et al. 2015) .
There are many studies reported on the epoxidation process of plant oils. Milchert and Smagowicz (2009) reported the epoxidation of rapeseed oil with peracetic acid. They studied the influence of reaction variables on the epoxidation of rapeseed oil by using conventional method of optimization. Kouroosh Saremi et al. (2012) also reported the epoxidation of soybean oil using formic acid and hidrogen peroxide. However, there are few studies reported on the epoxidation of palm oil. In 2014, Derawi et al. have discussed the synthesis of epoxidized palm olein by using different peroxy acids and its characterization. Furthermore, Hoang and Kim (2015) reported the effect of reaction time on epoxidation of palm oil. However, there are no report explained about the significant effect of reaction variables and interaction among the variables process in the optimization process of the epoxidation of palm oil using response surface methodology (RSM). This study is focused on the epoxidation of refined, bleached and deodorized palm oil (RBDPO). RBDPO which abundantly available all over Malaysia contains high percentage of unsaturated fatty acid (49.4%) (Njoku et al. 2010) , which serve as good starting material for the epoxidation process. Figure 1 shows a proposed schematic reaction for the epoxidation of RBDPO represented by the structure of 1,3-dipalmitoyl-2-oleoyl-gliserol (POP) as the dominant triacylglycerol content (30.2%) in RBDPO. peroxide (30 %) from Merck. Sodium hydrogen carbonate and sodium chloride were purchased from Systerm.
The epoxidation process was carried out using RBDPO and performic acid to prepare epoxidized palm oil (EPO). RBDPO was mixed with formic acid into 250 mL three necks round bottom flask equipped with mechanical stirrer, thermometer and reflux condenser. The mixture of RBDPO and formic acid were heated and continuously stirred (900 rpm) using a magnetic stirrer. Hydrogen peroxide was added slowly drop wise. The product, epoxidized palm oil (EPO) was neutralized with sodium hydrogen carbonate solution (5%), sodium chloride solution (5%) and distilled water. After the separation, the product (EPO) was kept for overnight by adding anhydrous sodium sulphate to remove water. The product was filtered using Whatmann No. 1 filter paper. The oxirane oxygen content (OOC %), yield (%) and iodine value (IV mg/g) were measured.
The epoxidation reaction was evaluated using D-optimal design mode. Table 1 shows the independent variables used in the study such as formic acid (HCOOH) mole (w/w, A), hydrogen peroxide (H 2 O 2 ) mole (w/w, B), reaction temperature ( o C, C) and reaction time (h, D). Percentage of epoxide product, EPO (yield), oxirane oxygen content value (OOC) and iodin value (IV) were chosen as responses in this optimization. The mathematical relationship between the process variables and responses were calculated by quadratic polynomial equation (Borugadda & Goud 2015; Salimon et al. 2016) :
where β 0 ; β i ; β ii and β ij are constant, linear, square and interaction regression coefficient terms, respectively and x i and x j are independent variables (Razali et al. 2010; Salimon et al. 2016) . Analysis of variance (ANOVA) was carried out to estimate the effects of process variables and their possible interaction effects on the higher yield and OOC and lower IV in the response surface regression procedure (Borugadda & Goud 2015; Salimon et al. 2016) . The goodness and best fit of the model were evaluated by a regression coefficient R 2 (Borugadda & Goud 2015) .
RESULTS AND DISCUSSION
D-optimal design was used to evaluate the optimization of epoxidation process of RBD palm oil. The optimum conditions of reaction were aimed at higher yield of EPO, higher oxirane oxygen content (OOC) and lower iodine value (IV). The quadratic polynomial equations were obtained from the experimental data to predict the optimal response as shown below in terms of coded variables:
(2) FIGURE 1. The schematic reaction for the epoxidation of RBD palm oil Therefore, this study was conducted to understand the significant effect and important interaction among reaction variables towards the epoxidation of palm oil process in order to get the optimum conditions for highest yield of EPO with high oxygen oxirane content (OOC) value and low iodine value. The significant effect and the interaction among reaction variables will be explained by the analysis of variance (ANOVA) and 3-D response surface using D-optimal design. 
ANOVA as a multivariate technique was studied to determine the optimum reaction conditions (Borugadda & Goud 2015) . Tables 2, 3 and 4 summarize the analysis of variance (ANOVA) for all responses (yield, IV and OOC). The significance models are decided based on the P-value (Borugadda & Goud 2015; Tabrizi & Nassaj 2011) . The P value less than 0.05 indicate model terms are significant. From the table, it can be seen that the P-value for all model responses were very small (<0.0001). This shows that the regression models for the data on all responses (yield, IV and OOC) were highly significant (p<0.01) with satisfactory R 2 . The significance of each variables can be seen in Tables 2, 3 and 4. The lower the P-value, the variable is more significant (Aziz et al. 2014) . For EPO yield response, the linear term of A (mole of formic acid), B (mole of hydrogen peroxide) and C (temperature) were highly significant (p<0.01) and linear term of D (time) was significant (p<0.05). For IV response, all the linear term of A, B, C and D were highly significant (p<0.01). For OOC response, the linear term of A and B were highly significant (p<0.01) and linear term of C and D were significant (p<0.05). The results showed all reaction variables give significant values based on the low P-values (p<0.05). It means all reaction variables are important and give significant effect towards epoxidation in order to give the optimum conditions for high yield of epoxide, high OOC value and low IV.
The EPO yield response shows the quadratic term of A 2 and B 2 were highly significant (p<0.01). The quadratic term of A 2 was highly significant (p<0.01) for both IV and OOC responses. While the quadratic term of B 2 and D 2 were significant (p<0.05) for both IV and OOC responses. The yield response shows the interaction term of AB and AD were highly significant (p<0.01) and interaction term of BD was significant (p<0.05).
The significance of interaction among reaction variables also can be seen in Tables 2, 3 and 4. The EPO yield response shows the interaction term of AB and AD were highly significant (p<0.01) and interaction term of BD was significant (p<0.05). It shows interaction between mole of HCOOH (A) and mole of H 2 O 2 (B), interaction between mole of HCOOH (A) and reaction time (D) and interaction between mole of H 2 O 2 (B) and reaction time (D) were affected the epoxidation process in order to give higher yield of epoxide.
For both IV and OOC responses, the interaction term of AB, AC and AD were highly significant (p<0.01). While interaction term of BD was highly significant (p<0.01) for IV response and was significant (p<0.05) for OOC response. It shows all interactions between mole of HCOOH (A) and mole of H 2 O 2 (B), interaction between mole of HCOOH (A) and reaction temperature (C), interaction between mole of HCOOH (A) and reaction time (D) and interaction between mole of H 2 O 2 (B) and reaction time (D) were influenced the epoxidation process to give higher OOC value and lower IV. These results indicated there are some interaction between variables will affect the epoxidation process. This can be seen through their significant P-value (p<0.05). While the other interactions will not give effect on epoxidation based on their insignificant P-values. The significance interaction among the variables will be discussed later in 3-D response surfaces.
The precision of a model is judged by the regression coefficient (R 2 ). Regression coefficient R 2 represents that the accuracy and general ability of the polynomial model is good (Borugadda & Goud 2015) . The R 2 value is always in between 0 and 1 and its order of magnitude suggests the aptness of the model (Borugadda & Goud 2015; Manivannan & Rajasimman 2011) . For a good statistical model, the R 2 value should be close to one. The R 2 values for the yield, IV and OOC were 0.9974, 0.9942 and 0.9948, respectively (Tables 2, 3 & 4) , which was close to 1 and it signifies that the 99.74%, 99.42% and 99.48% model behavior can be interpreted for optimum condition such as higher yield, lower IV and higher OOC, while only 0.26%, 0.58% and 0.52 % of the full variance each responses cannot be explained by the model.
The adjusted coefficient of determination (adj R 2 ) pointed to the goodness of the model (Aziz et al. 2014 ). The predicted R 2 value for yield (0.9796) was in reasonable agreement with the adjusted R 2 (0.9938) and the predicted (Borugadda & Goud 2015) . Thus, the regression model provides an excellent explaination of the relationship between the independent process variables and the response variable (Borugadda & Goud 2015; Tabrizi & Nassaj 2011) . The observed value was reasonably close to the predicted value as shown in Figure 2 .
In order to ensure a thorough model fit, test for lackof-fit need to be estimated. The lack-of-fit is an assessment of failure of a model to represent the data that cannot be reported by random error (Borugadda & Goud 2015;  Tabrizi & Nassaj 2011). The P-value of lack of fit for all responses were not significant (p>0.05). The insignificant P-value of lack of fit for yield, IV and OOC were 0.7474, 0.2305 and 0.2415, respectively. This indicates that lack of fit was consideraby significant relative to the pure error and all the models predicted for the responses were adequate.
INFLUENCE OF PROCESS VARIABLES ON OPTIMUM RESPONSES
The effect of interaction among variables on epoxidation can be illustrate by using the 3-D response surfaces. The significant interaction variables in the fitted models (Tables  2, 3 and 4) were chosen as the axes (HCOOH mole A, H 2 O 2 mole B, reaction temperature C and reaction time D) for the response surface plots. The influence of mole of HCOOH (A) and mole of H 2 O 2 (B) on yield, IV and OOC can be observed in Figure 3(a) , 3(b) and 3(c). Increasing mole of HCOOH and H 2 O 2 have increased the EPO yield and OOC. Higher values of yield and OOC were achived at 6 mole of HCOOH and 4 mole of H 2 O 2 . Increasing of H 2 O 2 mole up to 4 has increased the OOC due to formation of more performic acid (Borugadda & Goud 2015) . Increasing mole of HCOOH could increase OOC, but further increment of HCOOH mole would lead to a decline of OOC. Mole of HCOOH higher than 6 showed decreasing of both yield and OOC. HCOOH act as oxygen carrier and gets regenerated once the epoxidation reaction takes place (Mungroo et al. 2009 ). HCOOH also takes part in the overall reaction as a catalyst in the formation of oxirane ring and as a reactant in the hydrolysis of the oxirane ring (Goud et al. 2007 (Goud et al. , 2006 . To attain the maximum oxirane oxygen content, the optimum level of the acid should be used where both the effects are balanced considering the amount of acid required in the formation of peracid (Goud et al. 2007 (Goud et al. , 2006 . With high concentration of HCOOH, epoxy degradation may become crucial (Hoang & Kim 2015) . Increasing of acid concentration has a detrimental effect on the oxirane ring. It is because oxirane ring was not stable in high HCOOH which acid promotes the hydrolysis of the epoxide, thereby decreasing the final OOC (Mungroo et al. 2008) . Meanwhile, Figure 3(b) shows the IV decreased with an increase mole of HCOOH until 6 and increased with further increasing of HCOOH mole.
The effect of mole of HCOOH (A) and temperature (C) on IV and OOC can be observed in Figure 4 (a) and 4(b). Increasing mole of HCOOH and temperature have increased the OOC value. OOC has maximum value at 6 mole of HCOOH and decreased with further increment of HCOOH mole until 9. It is due to excess HCOOH loading which leads to oxirane cleavage (Borugadda & Goud 2015; Dinda et al. 2008) . Meanwhile, the IV has decreased with increasing HCOOH mole up to 6 and the value has increased with the further increment of HCOOH mole. The similar trend of response surface can be observed the affect of HCOOH mole (A) and time (D) on the EPO yield, IV and OOC as shown in Figure  5 (a), 5(b) and 5(c). Figure 6 shows the effect of various mole of H 2 O 2 (B) and reaction time (D) on EPO yield, IV and OOC. Increasing mole of H 2 O 2 and time have increased the yield and OOC. Higher values of yield and OOC were archived at 4 mole of H 2 O 2 and 3.5 reaction time. Increasing of H 2 O 2 mole up to 4 has increased the OOC due to formation of more performic acid (Borugadda & Goud 2015) . But, the use of higher H 2 O 2 mole must be avoided because it raised additional problem of agitation and decreases the mass transfer rate thereby decreases the OOC (Borugadda & Goud 2015) . High concentration of H 2 O 2 also will cause the epoxy group become unstable (Hoang & Kim 2015) . Higher H 2 O 2 will cause the stability of the oxirane ring become very poor (Goud et al. 2006 ) and it will lead to an accelerated rate of oxirane ring decomposition (Goud et Higher concentration of peroxy acid must be avoided because epoxidation was exothermic process and it will lead to low stability of oxirane ring formed (Gunstone 2004 ). This condition also can be observed for reaction time.
The increment of reaction time up to 3.5 h will increased the OOC. Further increase in reaction time will cause the decreasing of epoxidation due to the degradation of oxirane ring, production of more by product, water being formed and the undesirable oxirane ring opening reaction (Rafiee-Moghaddam et al. 2014) . The higher H 2 O 2 mole and higher reaction time provided an opportunity to react oxirane ring with excess H 2 O 2 , HCOOH and by-product water (Borugadda & Goud 2015; Suarez et al. 2009 ).
OPTIMUM CONDITION FOR EPOXIDATION OF RBDPO
The optimum conditions chosen from the solutions proposed by D-optimal design were 5.91 mole of HCOOH, 3.60 mole of H 2 O 2 , 40ºC reaction temperature and 2.55 h reaction time. The optimum value of responses that expected to obtain from these conditions are 85.86% yield, 0.07 mg/g IV and 3.48% OOC. These optimum conditions were tested three times in order to confirm the model prediction. The results obtained were 86% yield, 0.09 mg/g IV and 3.46% OOC with 99.14% of relative conversion oxirane (RCO) and these values were agree well with the predicted values from the model. In this study, the optimization using D-optimal design has succeeded in producing optimum conditions that will give the best value of responses. The selection of the optimum conditions was affected by the interaction between all variables and criteria chosen for all responses. It shows that the D-optimal design optimization used in this study was very important because it takes into account all aspects compared to conventional method of optimization. The optimized conditions produce high percentage of epoxide product (86%) with the high percentage of relative conversion oxirane (99.14%). It means almost all unsaturated fatty acid in palm oil has been converted to oxirane ring in order to improve its oxidative stability.
CONCLUSION
The epoxidation process of RBDPO was successfully optimized using D-optimal design. The optimum reaction conditions were 5.91 mole of HCOOH, 3.60 mole of H 2 O 2 , 40ºC and 2.55 h. At this optimum conditions, the value of responses were 86% yield, 0.09 mg/g IV and 3.46% OOC with 99.14% of RCO. The significant effect and interaction among reaction variables were well explained by ANOVA and 3-D response surface. The results showed all variables have significant effect and there are some interactions between variables affect the epoxidation process, proved by their significant P-values. The optimized conditions have successfully produced high epoxide product with high OOC value as well as improved oxidative stabilty.
